In this paper, the effect of urban heat island is analyzed using the Landsat TM data and ASTER data in 2005 as a case study in Hong Kong. Two algorithms were applied to retrieve the land surface temperature (LST) distribution from the Landsat TM and ASTER data. The spatial pattern of LST in the study area is retrieved to characterize their local effects on urban heat island. In addition, the correlation between LST and the normalized difference vegetation index (NDVI), the normalized difference build-up index (NDBI) is analyzed to explore the impacts of the green land and the build-up land on the urban heat island by calculating the ecological evaluation index of sub-urban areas. The results indicate that the effect of urban heat island in Hong Kong is mainly located in three sub-urban areas, namely, Kowloon Island, the northern Hong Kong Island and Hong Kong International Airport. The correlation between LST and NDVI, NDBI also indicates that the negative correlation of LST and NDVI suggests that the green land can weaken the effect on urban heat island, while the positive correlation between LST and NDBI means that the built-up land can strengthen the effect of urban heat island in our case study. Although satellite data (e.g., Landsat TM and ASTER thermal bands data) can be applied to examine the distribution of urban heat islands in places such as Hong Kong, the method still needs to be refined with in situ measurements of LST in future studies.
Introduction
It is well known and documented that urbanization can have significant effects on local weather and climate [1] . Of these effects one of the most familiar is the urban heat island [2] , which is the direct representation of environmental degradation [3] . An urban heat island is a metropolitan area which is significantly warmer than its surrounding rural areas; the higher urbanization leads to more distinct urban heat island with huge temperature differences between urban and rural areas. As early as 1833, the concept of urban heat island was described by Luke Howard [4] , and since then this research topic has received ever more attention [5] [6] [7] [8] [9] [10] [11] [12] [13] . Recently, with the development of society and acceleration of the process of urbanization, the urban heat island has become more and more significant and has had severe impact on urban development and human living environments [14] . The buildings, concrete, asphalt and industrial activity of urban areas causes the urban heat island. Replacing natural land cover with pavements, buildings and other infrastructures takes away the natural cooling effects. Also, tall buildings and narrow streets can heat the air trapped between them and reduce airflow. In addition, heat from vehicles, factories and air conditioners adds warmth to the surroundings, further exacerbating the heat island effect. Urban heat island can impact local weather and climate, altering local wind patterns, spurring the development of clouds and fog, increasing the number of lightning events, and influencing the rates of precipitation. Furthermore, the poor air quality that results from the increased energy usage for cooling purposes in heat-island city can cause discomfort for human beings and affect health, aggravating asthma and promoting other respiratory illnesses. Thus, it is practical and indispensable to do research on the analysis of urban heat island, which can provide information and advice for our future urban planning and environment protection.
Urban heat island mainly appeared in the spatial distribution of land surface temperature (LST), which is governed by surface heat fluxes and obviously affected by urbanization [15, 16] . Consequently, acquiring LST is the primary and key step to the urban heat island analysis. The LST difference is usually larger at night than during the day. Seasons influence the LST difference, too. Heat island cities located in the mid latitude usually are strongest in the summer seasons. In tropical climates, the day season may affect the large island magnitudes. Thus, there are differences in day, night and seasonal measurements of LST. So when the land surface temperature is unavailable in the case studies, the near-surface air temperature can also be used to validate the urban heat island effect. Traditionally, urban heat island analysis is based on the LST data observed at the meteorological points always with in situ measurements [3] . However, the uneven distribution and limited conditions of these isolated meteorological observation locations may result in the observed LST data not fully representing the distribution of LST across the region. Since the 1960s, with the advent of high-resolution earth-monitoring satellites, remote sensing technology has been widely utilized to measure LST and provide basic data for the urban heat island analysis. Compared to the traditional meteorological observation method, remote sensing technology has the advantages of high-resolution, wide-coverage and intensive-points, etc., which makes large-scale urban heat island research possible.
The Landsat TM data is one of the most widely used satellite images for LST retrieving because of its high resolution (120 m) and free download availability from the website of US Geological Survey (USGS), which has one thermal infrared (TIR) band. This makes retrieving LST from a single band more difficult than from multiple thermal bands. In 2001, Qin et al. proposed a mono-window algorithm for retrieving LST using Landsat TM TIR band data [17] . The mono-window algorithm provided a simple and highly effective method for retrieving land surface temperatures for the analysis of urban heat island effect [3] . In comparison, ASTER data has five thermal bands with a higher resolution (90 m), which may provide more promising potential for LST retrieval studies, although very few studies of LST retrieval from ASTER data are available as yet. Therefore, in this study, we applied the mono-window algorithm to the Landsat TM and the split-window algorithm to ASTER data for the analysis of its effect of urban heat island in the case study of Hong Kong. Although satellite data (e.g., Landsat TM and ASTER thermal bands data) can be applied to examine the distribution of urban heat islands in places such as Hong Kong, the method still needs to be refined with in situ measurements of LST in future studies.
Study Area and Data

Study Area
The study area of Hong Kong (between 22°9'14''N to 22°33'44''N and 113°50'7''E to 114°26'30''E) ( Figure 1) Hong Kong is one of the most densely populated areas in the world and the world's leading international financial center. The lack of available sprawl space caused the demand for denser constructions, which made Hong Kong become the world's most vertical city with expansive skyline. The intense urbanization and dense building finally result in the urban heat island effect with huge temperature differences between urban and rural areas. The temperature variations may be attributable to greater absorbency of man-made materials, and denser buildings which restrict air-flow. It is very important to conduct an urban heat island analysis of Hong Kong and evaluate its impact on urban environment in the city.
Data
Satellite Image Data
In this study, the Landsat TM data and ASTER data ( Table 1) are used for the analysis of urban heat island in Hong Kong. 
Data Pre-Processing
The data pre-processing is performed using ERDAS Imagine 9.2 software. Each TM/ETM file is composed of the independent single-band images. Thus, it is firstly used to combine the single-band images to a multi-bands image of TM/ETM using a layer stacking tool. Secondly, the geometric correction was made for the TM/ETM images, by which each point on the image would have only latitude or longitude geographical coordinates. This is the most important step in pre-processing. Thirdly, after geometric correction, the image subset tool was used to clip our study area. For the ASTER L1A data, the above second and third steps only were used. Figure 2 shows the basic procedures of the two satellite data pre-processing. After the pre-processing, the study area images of Hong Kong were obtained for the data processing and analysis of urban heat island. 
LST Retrieval Methodology
Brief Introduction to Different LST Retrieval Methods
Different LST retrieval methods have been developed according to different data sources, such as the split-window method [18] , temperature/emissivity separation method [19] , mono-window method [17] , and the single-channel method [20] .
With relative higher resolution and easy availability, Landsat satellite is one of the longest running programs for global change research and has been applied for agriculture, geology, regional planning and urban environment. As the thermal infrared (TIR) channel, band 6 records the radiation with spectral range in 10.4-12.5 μm from the surface of the earth. Three LST retrieval methods: radiative transfer equation, mono-window algorithm and single-channel algorithm can be applied to Landsat TM 6 data. Although all of these methods can provide good results, the radiative transfer equation is not available without in situ parameters of atmospheric profiles simultaneously when the satellite passes. The mono-window algorithm with radio sounding data can get a better result than the single-channel algorithm with a root mean square deviation of 0.9 K [21] . Unlike for Landsat TM data, all the above methods are feasible for ASTER data due to its multiple thermal bands.
Thus, the mono-window algorithm (Table 2 ) is applied in this study to retrieve the LST of Hong Kong from Landsat TM data and ASTER data. 
MultiWindow
Landsat TM (1 thermal band)
Mono-Window Algorithm and Split-Window Algorithm
Urban heat island effect studies with LST derived from Landsat TM 6 data have been widely conducted. In 2001, Qin et al. proposed the mono-window algorithm ( Figure 3 ) for retrieving LST from Landsat TM 6 data [17] . Based on thermal radiance transfer equation, the mono-window algorithm only requires three parameters-emissivity, transmittance and effective mean atmospheric temperature-to retrieve LST from Landsat TM 6. Band 6 records the radiation with spectral range in 10.4-12.5 μm. Similarly, ASTER band 13 is 10.25-10.95 μm and ASTER band 14 is 10.95-11.65 μm. In this study, the mono-window algorithm is used for Landsat TM 6, while the split-window algorithm is applied for ASTER 13 and ASTER 14 in the case study of Hong Kong. As one of the most widely used software packages in the field of satellite image processing, the spatial modeler module in ERDAS imagine software provides a powerful tool to accomplish most image processing functions [16] . The spatial model to retrieve LST from Landsat TM and ASTER data using ERDAS spatial model tool is designed. In this model, only two measured parameters are required; near-surface air temperature and water vapor content simultaneously when satellite passes, which can be easily obtained from local weather stations. These two parameters are then converted to air transmittance and effective mean atmospheric temperature. The third required parameter is the emissivity, which can be calculated from the normalized difference vegetation index (NDVI). The remaining useful values can all be obtained from the Meta file in the satellite image data.
(1) Convert the digital number (DN) into spectral radiance: In order to convert the DN data (from Landsat TM 6, ASTER 13 and ASTER 14) into spectral radiance, Equation (1) [17] can be written as:
where L i is the at-sensor spectral radiance (
; L max is the maximum at-sensor spectral radiance; L min is the minimum at-sensor spectral radiance; Q max represents the maximum DN value of pixels and Q dn represents the DN value of pixel.
For Landsat TM 6 data, Equation 1 can be expressed as Equation (2) 
where L 6 is the at-sensor spectral radiance of Landsat TM 6, and Q dn is the DN value of pixel. For ASTER 13 data, Equation (1) can be written as Equation (3):
where 13 L is the at-sensor spectral radiance of ASTER 13 and Q dn represents the DN value of pixel.
For ASTER 14 data, Equation (1) can be expressed as Equation (4):
where 14 L is the at-sensor spectral radiance of ASTER 14 and dn Q represents the DN value of pixel.
(2) Convert the spectral radiance into at-sensor brightness temperature:
In order to convert the spectral radiance into at-sensor brightness temperature, the Planck's function can be used as Equation (5) [17] : 
where T i is the at-sensor brightness temperature (K); C 2 , C 1 are constants; λ i is central wavelength and L i represents the at-sensor spectral radiance, which can be calculated using Equation (1). For ASTER 13 data, λ 13 = 10.6 μm. For ASTER 14 data, λ 14 = 11.3 μm. For Landsat TM 6 data, Equation (8) [17] can be used, in which the Planck's function is similar with the two free parameters of K 1 and K 2 :
where T 6 is the at-sensor brightness temperature of Landsat TM 6; K 1 , K 2 are calibration constants of Landsat TM and L 6 represents the at-sensor spectral radiance of Landsat TM 6.
(3) Calculation of land surface emissivity: In fact, the emissivity can be estimated by utilizing NDVI [22, 23] .
(i) Precise calculation of NDVI The normalized difference vegetation index (NDVI) is one of the most widely applied vegetation indices. Doing ration calculation between the near infrared (NIR) band and the red (R) band can strengthen the vegetation information and the ratio is the main idea of NDVI [3] . In order to calculate the NDVI, Equation (11) can be used as:
(ii) Estimation of emissivity The emissivity [22, 23] 
In 2006 Zhang [23] proposed a complete land surface emissivity estimation method using NDVI (Table 3) . 
where i w is the water vapor content (g/cm 2 ); 0 T is the near-surface air temperature in K and RH (ii) Estimation of atmospheric transmittance For Landsat TM 6 data, Equation (14) can be applied from Table 4 [16, 17] to calculate the atmospheric transmittance of Landsat TM 6.
where 6 τ is the atmospheric transmittance of Landsat TM 6 and 6 w represents the water vapor content, which can be calculated using Equation (13) . 
where 0 T is the near-surface air temperature (K).
(6) LST retrievals of the two algorithms:
The mono-window algorithm can be written as Equation (18) [17] . Three variables (i.e., emissivity, transmittance and effective mean atmospheric temperature) are required as below:
where T s is the LST (K); T i is the brightness temperature (K), which can be calculated using Equation (5); ε i is the emissivity, which can be classified and computed by NDVI (Table 3) ; τ i is the transmittance, which can be calculated from Equations (14-16), and T a represents the effective mean atmospheric temperature, which can be calculated using Equation (17) . The split-window algorithm can be written as Equation (23) [26] . As Mao et al. [26] proposed the LST retrieval method using ASTER 13 and ASTER 14 data, Equation (23) 
(31) Figure 4 shows the LST results of Hong Kong in 2005 (November and December) datasets using the mono-window algorithm and the split-window algorithm, respectively, in which the left figure is the result from TM data and the right figure is the result from ASTER data. Both of the final LST results were expressed as °C. Table 6 gives all the parameters required for the LST retrieval and spatial mapping in the study. 
Results and Discussion
The Accuracy Verification of LST Retrieval
In this study, the mean near-surface air temperature was used to verify the final retrieved LST results, due to the lack of simultaneous land surface temperature data when the satellite passes.
For the Landsat TM data, the mean temperature of retrieved LST is 294.72 K (or 21.6 °C) and the mean near-surface air temperature on 23 November 2005 is 294.05 K (or 20.9 °C). The LST retrieving error is about 0.7 K (or °C). Thus, the mono-window retrieving method from Landsat TM data has a better accuracy, which can provide high-quality retrieved LST data for the analysis of urban heat island.
For the ASTER data, the mean temperature of retrieved LST is 295.08 K (or 21.9 °C) and the mean near-surface air temperature on 1 December 2005 is 294.25 K (or 21.1 °C). The LST retrieving error is about 0.8 K (or °C). Furthermore, three representative areas and six points can be identified in Figure 5 , in which the temperatures of these three representative areas are higher than other areas in both of the LST retrieving results. Although the temperatures of the six points were not the same, their change trend is very close in Figure 6 . The spatial consistency of the Landsat TM retrieving result [3] with an error of (0.7 K (or °C)) and the ASTER retrieving result [27] with an error of (0.8 K (or °C)) indicated that the two algorithms are comparable to the LST retrievals in the case study of Hong Kong. However, the comparison of the two algorithms should be investigated with more data collection in the near future. 
The Distribution of Urban Heat Islands in Hong Kong
From Figure 7 , it is clear that severe urban heat island effects exist in Hong Kong. These urban heat islands are mainly distributed in several sub-urban areas such as the commercial centers in Kowloon Peninsula, the northern Hong Kong Island and Hong Kong International Airport. The temperature in the business centers in Kowloon and the northern Hong Kong Island (e.g., Mong Kok, Tsim Sha Tsui and Causeway Bay, etc.) was above 29 °C and the temperature of Chek Lap Kok (namely, Hong Kong International Airport) was also over 29 °C. These sub-urban areas show the strongest urban heat island effect. More and more constructions have been structured in Chek Lap Kok after the Hong Kong International Airport replaced the overcrowded Kai Tak Airport in Kowloon in 1998. Since both Kowloon and the North of Hong Kong Island are the business centers in Hong Kong, the high building density, property changes of underlying surface, air pollution and many artificial heat sources lead to the urban heat island effect in these sub-urban areas.
Even worse is that the distinct urban heat islands in Kowloon Peninsula have been converted into one large-scale regional heat island because of the tall buildings' dense distribution and expansion.
It is found that, the scattered settlements (satellite cities/new towns) throughout the New Territories in the northern Hong Kong also show to some extent heat island effect, but less intense than Kowloon, North of Hong Kong Island and Hong Kong International Airport. It is also noted that, because of the scattered distribution of the nine satellite-cities/new towns, their effects of urban heat islands distribute evenly, but do not as yet form a large-scale regional heat island like the Kowloon Peninsula.
Although satellite data (e.g., Landsat TM and ASTER thermal bands data) can be applied to examine the distribution of urban heat islands in places such as Hong Kong, the method for the calibration of LST still needs to be refined with in situ measurements of LST in future studies.
The Correlation Analysis between Urban Heat Island, NDVI and NDBI
NDVI (Normalized Difference Vegetation Index) is one of the most widely applied vegetation indices to strengthen the vegetation information [3] . In comparison, NDBI (Normalized Difference Build-up Index) is one of several widely used indices to strengthen building information and extract the built-up land from urban areas [3] . Because NDBI is the reflectivity of urban building and is higher in the fifth band than the fourth band, it can be calculated by using Equation (32) as follows:
In order to compare the green land and build-up land to urban heat island effects which provides useful information for the urban development and environment protection, the correlation between LST and NDVI, NDBI is analyzed. Table 7 shows their correlation coefficients. The correlation coefficient of LST and NDVI is −0.41, while the coefficient of LST and NDBI is 0.71. The negative coefficient between LST and NDVI indicates that the impact of green land on urban heat island is negative, which means that the green land can weaken the urban heat island effect. In comparison, the positive correlation between LST and NDBI suggests that the build-up land can strengthen the urban heat island effect in this case study. 
The Ecological Valuation of Hong Kong Urban Heat Island
Urban thermal field variance index (UTFVI) was used to quantitatively describe the urban heat island effect [28] . UTFVI can be calculated using Equation (33) as below:
where UTFVI is the urban thermal field variance index; T S is the LST of certain point in K and T MEAN is the mean LST temperature of the whole study area in K.
To reflect the changes of urban thermal field directly, UTFVI can be further divided into six levels in accordance with six different ecological evaluation indices [28] . Table 8 gives the specific thresholds in the six UTFVI levels and Figure 8 shows the ecological evaluation index of the case study in Hong Kong. As much of Hong Kong's terrain is hilly to mountainous with steep slopes, less than 25% of the territory's landmass is developed. Most of the remaining undeveloped lands are either hills or reserved as country parks and nature reserves. These undeveloped areas all have high green vegetation coverage and excellent ecological evaluation index. Due to the limited land development of Hong Kong, most of the urban development exists on Kowloon Peninsula, along the northern edge of Hong Kong Island, and in scattered settlements throughout the New Territories. The concentrated urban development leads to the degraded eco-environment in these built-up areas with the worst ecological evaluation index.
From Figure 8 , it is clear that two extreme levels have appeared in the ecological evaluation of Hong Kong: the excellent (<0) and the worst (>0.020). The UTFVI classification map of ecological evaluation in Hong Kong can also provide useful information for urban environment managers to evaluate eco-environmental quality. The severe urban heat island phenomenon calls for a more reasonable city layout and urban development to protect such an eco-environment in the future urban plan of Hong Kong as is achieved in other similar cities.
Conclusion
In this study, the mono-window algorithm and the split-window algorithm were applied to retrieve the land surface temperatures in Hong Kong using the Landsat TM data and ASTER data. Through the retrieved temperature data, it is found that the distribution of urban heat islands in Hong Kong is mainly located in Kowloon, the northern Hong Kong Island and Hong Kong International Airport.
In the Kowloon area, the urban heat islands have even conglomerated into one large-scale regional heat island because of the connected pieces of urban constructions. In comparison, the nine scattered satellite-cities have a dispersed distribution of urban heat island effects. So it is reasonable to envisage the establishment of satellite-cities in the city layout seperate from the business center in order to prevent the formation of a large-scale regional urban heat island. Although satellite data (e.g., Landsat TM and ASTER thermal bands data) can be applied to examine the distribution of urban heat islands in such cities as Hong Kong, the method still needs to be refined with in situ measurements of LST in future studies.
In addition, from the correlation analysis of the retrieved LST with NDVI and NBVI, it was found that that the green land can weaken urban heat island effect, but the built-up land can accelerate the effect. Thus, we have learnt that in the future city planning and development that more attention should be paid to urban greening.
Furthermore, from the ecological evaluation index calculation using UTFVI classification, it is noted that Hong Kong has strongest urban heat island phenomenon and worst eco-environment, which strongly calls for more reasonable city layout and urban development in the future.
However, the shortcoming in this case study is that the near surface air temperature data was used to assess the retrieving LST accuracy due to the lack of in situ LST data simultaneously available when the satellites passed. In future studies, the in situ LST data will be measured with the same overpass of satellites for the calibration and validation of the LST distribution as in the application and comparison of the two algorithms to be refined in Hong Kong and other similar urban areas.
